Purpose: The purpose of the present study was to assess whether diminished tolerance for disruptions to across-frequency timing in listeners with hearing impairment can be attributed to broad auditory tuning. Method: In 2 experiments in which random assignment was used, sentences were represented as 3 noise bands centered at 530, 1500, and 4243 Hz, which were amplitude modulated by 3 corresponding narrow speech bands. To isolate broad tuning from other influences of hearing impairment, listeners with normal hearing (45 in Experiment 1 and 30 in Experiment 2) were presented with these vocoder stimuli, having carrier band filter slopes of 12, 24, and 192 dB/octave. These speech patterns were presented in synchrony and with between-band asynchronies up to 40 ms. Results: Mean intelligibility scores were reduced in conditions of severe, but not moderate, simulated broadening. Although scores fell as asynchrony increased, the steeper drop in performance characteristic of listeners with hearing impairment tested previously was not observed in conditions of simulated broadening. Conclusions: The intolerance for small across-frequency asynchronies observed previously does not appear attributable to broad tuning. Instead, the present data suggest that the across-frequency processing mechanism in at least some listeners with hearing impairment might be less robust to this type of degradation.
is based on a single temporal envelope (e.g., Turner, Souza, & Forget, 1995) . This suggests that the ability to process speech envelope information is intact in the impaired auditory system. However, as the number of spectral channels increases, so that recognition involves integration across various spectral loci, listeners with HI generally perform more poorly than those with NH (Başkent, 2006 [in noise]; Grant, Tufts, & Greenberg, 2007; Healy & Bacon, 2002; Healy, Kannabiran, & Bacon, 2005; Souza & Boike, 2006; Turner, Chi, & Flock, 1999) . The exception to this pattern of results is provided by Hall, Buss, and Grose (2008b) , who used sentences filtered to bandwidths that provided 15%-25% recognition at each of two center frequencies. When the bands were presented simultaneously, scores were similar across listeners with NH and those with mild to moderate HI. 1 Healy and Bacon (2002) used stimuli that differed somewhat from most of the studies listed above. Sentence materials were filtered to 1/3-octave bands centered at 750 and 3000 Hz, which were then used to modulate pure tones at matching frequencies. The use of this widely separated narrow band pair was reasoned to have the following advantages: (a) because intelligibility resulting from the individual narrow bands was essentially zero, any intelligibility observed must have resulted from a combination or integration of the band pair, (b) audibility for the listeners with HI could be tailored and carefully controlled for each listener, and (c) interactions between the spectral bands resulting from broad auditory tuning should have been reduced.
Two primary results were obtained. The first involved reduced recognition by the listeners with HI in a baseline condition in which the two bands were presented in synchrony. The second result, which is of particular importance for the present work, involves the tolerance that listeners with NH and HI had to a disruption in the across-frequency timing information provided by the band pair. When an asynchrony was introduced between the bands, such that one led the other by some tens of milliseconds, the listeners with HI displayed a steeper than normal drop in performance. In fact, a subgroup of listeners with HI who produced reasonably high scores when the bands were presented synchronously demonstrated a pronounced drop in performance in response to a slight asynchrony (12.5 ms) that yielded essentially no reduction in the listeners with NH. In a subsequent study, Healy et al. (2005) examined this effect further. The reductions in performance as a function of asynchrony were compared with a measure of acoustic signal disruption caused by asynchrony. This measure involved the reduction in correlation between the acoustic temporal patterns as asynchrony increased. The authors found that the rate of performance reduction observed for the listeners with NH closely matched the amount of signal disruption. However, the performance of the listeners with HI fell at a rate that was disproportionate to the signal disruption. It was concluded that the listeners with HI tested by Healy and Bacon (2002) demonstrated deficient across-frequency processing, as reflected by a reduced ability to process intact (synchronous) acrossfrequency speech information and a lack of tolerance for a slight disruption in across-frequency cues produced by asynchrony.
Although the conditions used by Healy and Bacon (2002) were designed to provide some control for limitations known to accompany HI, it remains important to examine the specific influence of these known limitations on across-frequency processing. An example is provided by Souza and Boike (2006) , who found no evidence that listener age caused the across-frequency processing difficulties observed by Healy and Bacon (2002) in listeners with HI.
Another known limitation that could potentially influence across-frequency processing involves broad auditory tuning. Due to a loss of the active mechanism provided by the outer hair cells, listeners having a cochlear hearing loss of roughly 40 dB or greater often possess broader than normal frequency tuning (cf. Moore, 2007) . Studies in which the influence of broadened tuning on speech reception is examined have used spectral smearing using the overlap-add method (Allen & Rabiner, 1977) or a reduction in filter slope angles to produce overlap between adjacent spectral bands. In summary, this work has shown that speech reception in quiet is somewhat resistant to moderate amounts of smearing or overlap. However, when the communication setting is made more challenging through the use of background noise, or when smearing becomes severe, recognition can be reduced (Baer & Moore, 1993; Boothroyd, Mulhearn, Gong, & Ostroff, 1996; Celmer & Bienvenue, 1987; Fu & Nogaki, 2005; Healy & Warren, 2003; Litvak, Spahr, Saoji, & Fridman, 2007; Shannon, Zeng, & Wygonski, 1998; ter Keurs, Festen, & Plomp, 1992 Villchur, 1977) . However, it is not known to what extent spectral broadening can affect the tolerance for disruption to across-frequency timing produced by across-channel asynchrony. There is some reason to believe that broadening might affect this aspect of across-frequency processing. Healy and Bacon (2007) found that asynchrony produced a larger intelligibility reduction for band pairs that were closely spaced in frequency relative to band pairs that were widely spaced. The effect was not attributable to mixing of the asynchronous speech patterns in the region of spectral overlap, indicating that overlap between the bands was not responsible. However, it was hypothesized that acrossfrequency timing information might be more readily available to the auditory system when that information is derived from spectral regions having smaller frequency separation. Thus, it remains possible that broadening of speech patterns might be similar to reducing center frequency spacing in its tendency to reduce tolerance for across-frequency timing disruption.
The present study was designed to test the specific hypothesis that broad auditory tuning can account for the steeper than normal reduction in performance displayed by listeners with HI as a function of betweenband asynchrony in Healy and Bacon (2002) . Although across-channel asynchrony may not commonly occur in natural listening, it may serve as a tool to examine the robustness of the across-frequency processing mechanism. In a pair of experiments, listeners having NH were used for their sharp uniform tuning and to eliminate other potentially confounding aspects of HI. A simulation of broad tuning involving modification of filter slopes in a noise vocoder was used to provide control over the amount of broadening in each condition.
Experiment 1 most closely resembled the conditions used by Healy and Bacon (2002) and others. The filter slopes used to create speech bands (sometimes referred to as analysis bands) were fixed across conditions, but the temporal envelopes derived from these regions were presented to spectral regions having various amounts of broadening. Experiment 2 more closely resembled speech processing by the impaired auditory system, albeit with a reduced number of channels. In this experiment, analysis and presentation-band broadening was matched so that speech envelopes were presented to the spectral region from which they were derived.
Experiment 1 Method
Subjects. Forty-five university students received course credit for participation. All were native speakers of English and ranged in age from 18 to 39 years (mean age of all subjects tested = 22 years). Each subject had audiometric thresholds of 20 dB HL or better bilaterally at octave frequencies from 250 to 4000 Hz (ANSI, 1996) , and none had previous exposure to the sentence materials used in these experiments. The study protocol was approved by the Institutional Review Board at the University of South Carolina.
Stimuli. The 100 everyday American speech sentences from the Central Institute for the Deaf (CID; Davis & Silverman, 1978; Silverman & Hirsh, 1955) were used.
Ten practice sentences were chosen from the Speech Perception in Noise (SPIN) Test (Kalikow, Stevens, & Elliot, 1977) . The sentences were recorded at 16-bit resolution and 22-kHz sampling using a professional speaker having a standard American dialect.
To construct the noise-vocoder stimuli, the speech signal was first filtered to three 1/3-octave bands having center frequencies of 530, 1500, and 4243 Hz (analysis bands). Four cascaded passes through eighth-order Butterworth filters were used, yielding slopes of 192 dB/octave. Temporal information was extracted from each band using half-wave rectification and low-pass filtering (250-Hz cutoff, 100-order fir filter) and was used to amplitude modulate white noise using sample point-by-point multiplication (Horii, House, & Hughes, 1971) . Presentation-band filtering was then used to restrict each amplitudemodulated noise, using center frequencies that matched the corresponding speech bands. The parameter of interest was the presentation-band filter slope. Three separate sets of conditions were created in which slopes were 12, 24, or 192 dB/octave (single passes through secondor fourth-order, or four cascaded passes through eighthorder Butterworth filters, respectively). These filter slope conditions were selected to represent the varying degrees of broadening shown in Figure 1 .
The level of each sentence in each band was equated to ensure that the peak of the slow response root-meansquare averages were equal. Prior to mixing into threeband stimuli, the frequency-specific delays associated with filtering were assessed empirically by filtering a singlesample click. These observed delays were compensated for by applying the following corrections: for the 12-dB/ octave stimuli, Bands 2 and 3 (1500 and 4243 Hz) were delayed relative to Band 1 (530 Hz) by 13 and 17 ms, respectively; for the 24-dB/octave stimuli, Bands 2 and 3 were delayed relative to Band 1 by 13 and 16 ms, respectively; and for the 192-dB/octave stimuli, Bands 2 and 3 were delayed relative to Band 1 by 24 and 33 ms, respectively. The bands comprising each presentation-band filter slope condition were then mixed at equal amplitude.
Once the bands were synchronized, as described above, additional conditions were created in which the bands were mixed in a staggered asynchronous fashion. The delays, expressed relative to Band 1, ranged up to 40 ms and are displayed in Table 1 . Thus, there were five asynchrony conditions (including 0-0-0 ms) in each of the three filter slope conditions. All manipulation was performed digitally, primarily in MATLAB. A PC and Echo Gina 24 D/A converters were used to present the digital files. The signal was routed through a Mackie 1202VLZ mixer for convenient calibration and monitoring. The analog signal was presented diotically at a slow peak level of 70 dBA over Sennheiser HD 250 Linear II headphones.
The present stimuli differed from those used by Healy and Bacon (2002) in two primary ways. First, pure-tone carriers were replaced with noise carriers because spectral broadening of the carrier is only possible with the latter. Second, an additional frequency band was added, for a total of three, because sentence intelligibility based on narrow-band temporal patterns is generally lower for noise than for pure-tone carriers (Healy & Warren, 2003) , and scores needed to be in an appropriate range above the performance floor.
Procedure. Subjects were randomly assigned to one of the three broadening conditions. Subjects in each group (n = 15) heard 17 sentences in each of the five asynchrony conditions. The sentence-to-condition correspondence was balanced to ensure that each sentence was heard in each condition an equal number of times, and the order in which asynchrony conditions were heard was randomized for each subject. The session began with practice consisting of the 10 SPIN sentences heard first broadband, then again in the synchronous condition. This was followed by 15 CID practice sentences in the same condition. Subjects then heard the 85 remaining CID sentences in the various test conditions. Each subject was tested individually in a sound-attenuating booth seated with the experimenter. They were instructed to repeat back as much of each sentence as they could and were encouraged to guess if unsure. Each test sentence was presented only once. The experimenter controlled the presentation of the stimuli and recorded each correctly recalled keyword.
Results and Discussion
Mean intelligibility scores and standard errors as a function of asynchrony value for the three presentationband broadening conditions are shown in Figure 2 . Performance was greatest in the steep and moderate slope conditions (192 and 24 dB/octave) but was substantially poorer in the broadest condition (12 dB/octave). As expected, performance fell as a function of between-band asynchrony. However, most importantly, no indication Table 1 . Asynchrony values (milliseconds) used for the five asynchrony conditions (in rows). Group mean intelligibility scores and standard errors for sentences represented by temporal patterns at three spectral loci. In each of three spectral broadening conditions, the speech information was constant. Relative timing between the bands is indicated. Separate groups of 15 subjects each were used for the three broadening conditions.
of a steeper drop in performance with the introduction of a small asynchrony in the broadest condition appears relative to the other conditions. These observations are supported by statistical examination. A two-factor mixed analysis of variance (ANOVA) on rationalized arcsine-transformed values (RAU; Studebaker, 1985) revealed significant main effects of broadening condition, F(2, 42) = 22.9, p < .001, and asynchrony, F(4, 168) = 135.0, p < .001, but no interaction between these factors, F(8, 168) = 1.7, p = .11. Post hoc analyses (Holm-Sidak, a = .05, throughout) of the main effect of broadening revealed that scores in the 192-and 24-dB/octave conditions were equivalent but differed from the 12-dB/octave condition. Post hoc analyses of the main effect of asynchrony indicated that performance at each asynchrony differed. Repeated measures ANOVA conducted separately for each broadening condition indicated a significant main effect of asynchrony in the 192-dB/octave condition, F(4, 56) = 35.6, p < .001; the 24-dB/octave condition, F(4, 56) = 53.1, p < .001; and the 12-dB/octave condition, F(4, 56) = 54.3, p < .001. Post hoc analyses indicated that performance was reduced similarly, at an asynchrony of 10 ms relative to synchrony, in each broadening condition.
One difference between the results of the present study and those of Healy and Bacon (2002) is that significant declines in performance were observed at an asynchrony of 10 ms in the present experiment, whereas no decline was observed previously in listeners with NH at a similar asynchrony. This difference is likely related to differences in stimuli used in the two studies. In accord with Healy and Bacon (2007) , a larger influence of between-band asynchrony can be observed with a smaller, relative to a larger, separation in center frequency. Thus, the smaller band separation necessitated by the use of a third spectral band in the present experiment likely caused performance to be reduced at a smaller asynchrony than in the 2002 study. Although performance is reduced as a function of a small asynchrony in the present experiment, importantly, this reduction is the same in all broadening conditions. The present data suggest that a moderate broadening of speech patterns (24 dB/octave) produces no reduction in performance. However, a more severe broadening of 12 dB/octave was sufficient to produce a significant reduction in intelligibility. It is worth noting that 12 dB/ octave approximates the slopes of auditory filters of individuals having rather severe levels of broad auditory tuning (cf. Moore, 2007, Figure 3.22, p. 81 ). This result is therefore in accord with other reports in the suggestion that a severe, but not a moderate, broadening/spectral smearing can indeed reduce intelligibility, especially if speech materials have been subjected to some degradation prior to broadening/smearing. However, the present data do not support the hypothesis that broad auditory tuning can account for the steeper than normal reduction in performance displayed by listeners with HI as a function of between-band asynchrony in Healy and Bacon (2002) . Experiment 1 resembled Healy and Bacon (2002) in that analysis filtering, and therefore the amount of speech information, was held constant across broadening conditions. To further investigate a possible relationship between the steep drop in performance as a function of asynchrony and broadened tuning, a second experiment was conducted in which conditions were designed to more closely resemble those found in the impaired auditory system. In Experiment 2, the same filter parameters were used for both analysis and presentation-band filtering. Thus, speech patterns were derived from and presented to the same spectral regions, which again had three levels of broadening.
Experiment 2

Method
Thirty additional listeners were recruited, having the characteristics described in Experiment 1. The speech materials and processing techniques were identical to those of Experiment 1, except as noted. Two new conditions were created for comparison to the 192-dB/octave presentation-band conditions from Experiment 1. In these new conditions, presentation-band filtering was again 12 or 24 dB/octave. However, instead of 192-dB/octave analysis band filtering, analysis filtering parameters matched presentation-band filtering. To correct for the filter delays, Bands 2 and 3 of the 24-dB/octave stimuli were delayed relative to Band 1 by 2 and 3 ms, respectively. The 12-dB/ octave stimuli required no correction to retain alignment across frequency bands.
Each sentence in each band was equated in amplitude, and the bands comprising each condition were mixed in synchrony and at the four asynchronies used in Experiment 1. Presentation to the two groups of listeners at 70 dBA was accomplished using the same apparatus used previously. Furthermore, all test procedures, including practice with SPIN sentences followed by 17 CID test sentences in each condition, were identical to those in Experiment 1. Figure 3 shows mean intelligibility in the new conditions (24 and 12 dB/octave), along with scores in the 192-dB/octave condition from Experiment 1 (replotted from Figure 2 ). As in Experiment 1, scores are lowest in the broadest condition (12 dB/octave). However, scores in this experiment are highest in the conditions having moderate broadening (24 dB/octave). Also in accord with the results of Experiment 1, scores fell as a function of between-band asynchrony. But again, the rate at which scores fell was similar across conditions of broadening.
Results and Discussion
A two-factor mixed ANOVA performed on the RAUtransformed data revealed significant main effects of broadening condition, F(2, 42) = 13.4, p < .001, and asynchrony, F(4, 168) = 108.9, p < .001, and a nonsignificant interaction, F(8, 168) = 1.2, p = .33. Post hoc analyses of the main effect of broadening condition indicated that scores in all broadening conditions differed, and analyses of the main effect of asynchrony indicated that all scores differed. Repeated measures ANOVA conducted separately for the two new broadening conditions indicated a significant main effect of asynchrony at 24 dB/octave, F(4, 56) = 43.7, p < .001, and at 12 dB/octave, F(4, 56) = 32.2, p < .001. Post hoc analyses indicated that performance was reduced similarly, at an asynchrony of 10 ms relative to synchrony, in each broadening condition.
The nonmonotonic relationship between spectral broadening and overall level of performance in the present experiment may be understood in terms of a trade-off between the advantage provided by the additional speech information passed by the shallower filters and the disadvantage associated with broad overlapping spectral patterns. As the slopes of the speech analysis filters are made shallower, larger amounts of speech information are passed, thus increasing scores. However, as broadening increases, the increase in speech information is eventually offset by the severe smearing and near complete spectral overlap of this information.
A similar trade-off may exist in Experiment 1, in which both the 12-and 24-dB/octave conditions exhibit considerable spectral overlap (see Figure 1 ) yet produce substantially different overall levels of performance. It appears that the increase in stimulation provided by the moderately broad bands (24 dB/octave), even though they possess no additional speech information, is sufficient to offset any potential detriment associated with their spectral overlap.
General Discussion
In Experiment 1, analysis filtering was held constant as presentation-band filtering was broadened so that speech information was constant across broadening conditions. Because these conditions simulated the presentation of narrow frequency band temporal patterns to impaired listeners who likely had various levels of broad auditory tuning, they were more similar to the conditions of Healy and Bacon (2002) than were those of Experiment 2. This experiment therefore provided the critical test of the hypothesis that the steeper than normal drop in performance as a function of asynchrony observed by Healy and Bacon (2002) was attributable to broad tuning. Experiment 2 extended these observations by including conditions that more closely simulated processing by the impaired ear. Because a steeper drop in performance as a function of asynchrony in conditions of simulated broad tuning was not observed in either experiment, the results of the present study indicated that the intolerance for across-channel asynchrony in listeners with HI observed by Healy and Bacon (2002) is likely not attributable to broad auditory tuning.
The listeners with HI tested by Healy and Bacon (2002) fell into two subgroups: those who performed poorly in a baseline condition in which temporal speech patterns appeared in synchrony and those who performed similarly to listeners with NH in synchrony but exhibited an especially steep drop in performance as asynchrony was introduced. It is possible to speculate that the listeners in the former subgroup might have been those with the very broadest auditory tuning, and their performance was reduced in the baseline condition as a result. However, those in the latter subgroup might have had more normal peripheral tuning but suffered from some other limitation that prohibited the tolerance to across-frequency disruptions displayed by the listeners with NH.
The primary manipulations in the present study are spectral. The use of steep narrow-band analysis filtering Figure 3 . Group mean intelligibility scores and standard errors for sentences represented by temporal patterns at three spectral loci in each of three spectral broadening conditions. Analysis band filtering matched presentation-band filtering, and relative timing between the bands is indicated. Separate groups of 15 subjects each were used for the three broadening conditions. simulated to some extent the extraction of speech information during normal peripheral filtering. In accord with normal filtering, speech cues were derived from restricted spectral regions. This information was then presented either to matching restricted regions or to regions of simulated broadening. Alternatively, the use of broad analysis filters resulted in speech information averaged across a wide spectral region. In these conditions, spectrally distinct speech information was not extracted, just as it is not extracted in the impaired auditory system. However, in addition to these more obvious spectral effects, differences between the two experiments exist in the temporal domain. Figure 4 shows temporal speech patterns output by simulated auditory filters having slopes matching those used in the present study. As can be seen in the upper panel, steep analysis filters output temporal patterns that are limited in fluctuation rate as a result of relatively narrow effective bandwidth. The top two panels show that not only was the spectral range from which speech information was obtained held constant as the presentation band was broadened, but the temporal patterns were also preserved and simply presented to broader spectral regions of excitation. The figure also shows (lower panel) that broad analysis filters produce temporal speech patterns containing abnormally high fluctuation rates. Thus, as the filters were broadened in Experiment 2, speech information was obtained from broad spectral regions usually occupied by several auditory filters (the spectral effect), and the output temporal patterns contained abnormally high fluctuation rates (the temporal effect). Although the higher rate temporal patterns were smoothed to some extent by normal auditory filtering in the present study, the internal representations of the stimuli in Experiments 1 and 2 certainly differed. The observation of similar results across the two experiments strengthens the present conclusions.
Although much is known about the processing abilities and limitations of listeners with HI, across-frequency processing in these listeners remains somewhat less clear. As mentioned earlier, a number of studies in which speech stimuli were used (with the exception of Hall et al., 2008b) have shown reduced performance by these listeners on tasks requiring the processing of temporal speech patterns at different spectral loci. However, these same listeners generally perform quite well on tasks thought to reflect across-frequency processing of nonspeech stimuli. Envelope correlation, in which listeners identify correlated versus uncorrelated noise envelopes at different spectral loci, is similar across listeners with NH and HI (Hall & Grose, 1993) . Modulation detection interference (MDI), in which the threshold for detecting amplitude modulation of a carrier is increased when a second modulated carrier is introduced, is essentially normal in individuals with HI (Bacon & Opie, 2002; Grose & Hall, 1994) . Comodulation masking release (CMR), in which the threshold for a signal in a modulated masker is reduced when a second modulated masker is introduced, can be reduced in listeners with HI, although this effect may reflect broadened auditory tuning (Hall, Davis, Haggard, & Pillsbury, 1988; Hall & Grose, 1989) . Finally, acrossfrequency gap detection, in which the markers preceding and following a silent gap have different frequency content (Grose, Hall, & Buss, 2001) , and across-frequency duration discrimination (Grose, Hall, & Buss, 2004) , in which the signals in each interval have different frequency content, are both essentially normal in listeners with HI. This discrepancy between speech and nonspeech studies remains unknown and serves to motivate additional investigation of the across-frequency processing abilities and limitations of listeners with HI. The normal temporal pattern resulting from steep analysis filtering was not disrupted by subsequent shallow presentation-band filtering. However, this normal pattern was presented to a broad region of the spectrum. Bottom panel: Shallow analysis and presentation-band filtering produced temporal patterns containing abnormally high rates, derived from and delivered to abnormally broad spectral regions.
The finding that listeners with HI were less tolerant of small across-frequency asynchronies than were listeners with NH (Healy & Bacon, 2002) suggested that the across-frequency processing mechanism is less robust in these listeners. The present data indicate that this intolerance is not attributable to broad auditory tuning. Instead, these data support the view that a potential deficit in the across-frequency processing mechanism of at least some listeners with HI exists in addition to known limitations.
